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The 3He longitudinal spin-relaxation rate T f1 is crucial for production of highly polarized 3He by 
spin-exchange optical pumping. We show that T f1 is increased by a factor of 2-20 solely by exposure of 
spin-exchange cells to a few-kG magnetic field. The original T f1 can be restored by degaussing the cell. 
The effect is attributed to magnetic surface sites and has been observed in both Pyrex and aluminosilicate- 
glass cells. Our results both advance the understanding of wall relaxation and demonstrate the use of 
3He as an extremely sensitive probe of surface magnetism.
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L a rg e  n o n e q u i l ib r iu m  n u c le a r  p o la r iz a t io n s  c a n  b e  o b ­
ta in e d  in  c e r t a in  n o b le -g a s  i s o to p e s  b y  s p in  e x c h a n g e  w ith  
a n  o p t ic a l ly  p u m p e d  a n d  p o la r iz e d  R b  v a p o r  f 1]. P o la r iz a ­
t io n s  0 (0. 1 ) a re  r o u t in e ly  a c h ie v e d  f o r  l i te r  q u a n ti t ie s  o f  
3H e  a n d  129X e  a t 3 5 0 - 4 5 0  K  in  a p p l ie d  m a g n e t ic  f ie ld s  
B q =  0 ( 1 0 )  G . T h e s e  h y p e r p o la r iz e d  (H P )  g a s e s  h a v e  
b e e n  s tu d ie d  a n d  a p p l ie d  in  d iv e r s e  s c ie n t i f ic  r e a lm s  [ 2 - 4 ] ,  
p e r h a p s  m o s t  d r a m a t ic a l ly  a s  th e  s ig n a l  s o u rc e  in  m a g n e t ic  
r e s o n a n c e  im a g in g  ( M R I )  o f  th e  lu n g  a ir  s p a c e  [5 ] . In d e e d ,  
w e  a re  c o n c e r n e d  h e r e  w ith  H P  3H e  a s  p r e p a r e d  f o r  m o s t  
M R I  e x p e r im e n ts ,  w h e r e  o n e  r e q u ir e s  la rg e  ( > 4 0  c m 3) 
v a lv e d  g la s s  v e s s e ls  (c e l ls )  w h ic h  c a n  b e  r e p e a te d ly  p o la r ­
iz e d ,  e m p t ie d ,  a n d  r e f i l le d  w ith  3H e  to  p r e s s u r e s  a p p r o a c h ­
in g  10 a tm .
T h e  p r o d u c t io n  a n d  s u b s e q u e n t  s to r a g e  o f  h ig h ly  p o l a r ­
iz e d  g a s  d e p e n d s  c r u c ia l ly  o n  th e  n u c le a r  s p in - la t t ic e  r e ­
l a x a t io n  r a te  T f 1, w h ic h  s h o r ts  o u t  th e  d e l iv e ry  o f  a n g u la r  
m o m e n tu m  b y  R b -3H e  s p in  e x c h a n g e .  S in c e  th e  c h a r a c ­
te r is t ic  s p in - e x c h a n g e  t im e  f o r  R b - ' i  Ie  is  a t  le a s t  se v e ra l 
h o u r s  [6], a  s ta b le  T \  o f  m a n y  te n s  o f  h o u r s  is  r e q u ir e d  
to  g e n e r a te  a n d  p r e s e r v e  s u b s ta n t ia l  m a g n e t iz a t io n .  T f 1 
is  u s u a l ly  d o m in a te d  b y  in te r a c t io n s  w ith  th e  c e l l  su r f a c e  
(w a ll  r e la x a t io n ) .  B u lk  r e la x a t io n  f r o m  'I  Ie - 'I  Ie  c o ll is io n s  
[71 a ls o  c o n tr ib u te s  a t  s u f f ic ie n tly  h ig h  p r e s s u r e  ( g r e a te r  
th a n  se v e ra l  a tm ) .  D e s p i te  d e c a d e s  o f  r e s e a r c h ,  re la t iv e ly  
l i t t le  is  k n o w n  a b o u t  th e  n a tu r e  o f  3H e  w a ll  r e la x a t io n  a t  
m o s t  s u r f a c e s .  T h is  h a s  g e n e r a l ly  le d  to  i r r e p r o d u c ib i l i ty  
in  c e l l  f a b r ic a t io n .  S e v e ra l  ty p e s  o f  g la s s  h a v e  b e e n  t r ie d  
w ith  v a r y in g  d e g re e s  o f  s u c c e s s  [8- 101, b u t  d o c u m e n te d  
f a b r ic a t io n  p r o to c o ls  y ie ld in g  c o n s i s te n t  r e s u l ts  a r e  g e n e r ­
a l ly  la c k in g ,  e s p e c ia l ly  f o r  la r g e - v o lu m e  v a lv e d  c e l ls .
In  th is  L e t t e r  w e  p r e s e n t  e v id e n c e  th a t  m a g n e t ic  s i te s ,  
s h o w in g  r e m a n e n c e  a n d  h y s te r e s is ,  s ig n if ic a n tly  a f fe c t,  
i f  n o t  d o m in a te ,  w a ll  r e la x a t io n  in  s p in - e x c h a n g e  c e l ls .  
W e  d e m o n s tr a te  th a t  la rg e  r e v e r s ib le  c h a n g e s  in  T f 1, a n d  
h e n c e  in  th e  c o r r e s p o n d in g  s u r f a c e  r e la x a t io n  s i te s ,  a re  i n ­
d u c e d  in  s u c h  c e l ls  s o le ly  b y  e x p o s in g  th e m  to  a  la rg e  
(1 0  k G )  m a g n e t ic  f ie ld  a n d  th a t  th is  e f f e c t  ( te r m e d  ‘T i  
h y s te r e s i s ” ) is  c o r re la te d  w ith  th e  p re s e n c e  o f  R b  in  th e s e
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c e l ls .  T h e  p re s e n c e  o f  R b  is  a ls o  s t r o n g ly  c o r re la te d  w ith  
r e d u c e d  w a ll  r e la x a t io n  ra te s  (b y  a s  m u c h  a s  a n  o r d e r  o f  
m a g n i tu d e )  c o m p a r e d  to  b a r e - w a l l  g la s s  c e l ls .  O u r  r e ­
su l ts  r e p re s e n t  th e  f ir s t  e x p lic i t  e v id e n c e  o f  th e  n a tu re  o f  a  
s u r f a c e - r e la x a t io n  m e c h a n is m  f o r  3H e  in  s p in -e x c h a n g e  
c e l ls .  F u r th e r  s tu d y  o f  th is  m e c h a n is m  w il l  l ik e ly  y ie ld  
v i ta l  in f o r m a t io n  f o r  th e  e f f ic ie n t  a n d  r e p ro d u c ib le  p r o d u c ­
t io n  o f  h ig h ly  p o la r iz e d  3H e  b y  s p in  e x c h a n g e .
O u r  v a lv e d  P y re x  c e l ls  h a v e  10  c m  o f  0 . 5 - 1 . 0  m m
i.d . c a p i l la r y  s e p a ra t in g  th e  v a lv e  (g la s s  s te m  w ith  O - r in g s )  
f r o m  th e  —5 0  c m 3 m a in  c h a m b e r .  E a c h  c e l l  w a s  a t ta c h e d  
to  a  g la s s  m a n i f o ld  a n d  b a k e d  ( e x c e p t  f o r  th e  v a lv e )  u n d e r  
h ig h  v a c u u m  ( b a s e  p r e s s u r e  2  X 1 0 -8 T o rr )  f o r  2 - 4  d a y s  
a t  —4 0 0  °C . R b  m e ta l  ( 1 0 0 - 3 0 0  m g ; > 9 9 .9 3 %  p u re )  w a s  
th e n  d i s t i l le d  in  p r io r  to  f la m e  s e a l in g  e a c h  c e l l  u n d e r  
v a c u u m  f r o m  th e  m a n ifo ld .  A  s e p a ra te  g a s - h a n d l in g  
s y s te m  w a s  u s e d  to  fill a n d  re fil l  th e  c e l ls  w i th  3H e  to
8 a tm  a t r o o m  te m p e ra tu r e  [ 1 1 1 . A  s id e a r m  p r o t r u d in g  
f r o m  th e  v a lv e  b o d y , n o rm a l ly  u s e d  f o r  g a s  f i l l in g  a n d  
d is p e n s in g ,  d e f in e s  tw o  p h y s ic a l  o r ie n ta t io n s  o f  a  c e ll  
w i th  r e s p e c t  to  a n  a p p lie d  m a g n e t ic  f ie ld ;  th e s e  a re  te rm e d  
“ n o r th ” a n d  “ s o u th ” a c c o r d in g  to  w h e th e r  th e  s id e a rm  
p o in ts  to  th e  n o r th  o r  s o u th  p o le  o f  th e  m a g n e t .
A ll  r e la x a t io n  m e a s u r e m e n ts  w e re  m a d e  a t  r o o m  te m ­
p e r a tu r e  u s in g  1 0 0  k H z  N M R  d e te c t io n  a t  H o  — 3 0  G
[1 2 ] . V e ry  lo w  flip  a n g le s  w e re  u s e d  to  g e n e r a te  la rg e -  
a m p l i tu d e  f r e e  in d u c t io n  d e c a y s  ( F ID s )  w i th  n e g lig ib le  lo s s  
o f  lo n g itu d in a l  m a g n e t iz a t io n .  T h e  in i t ia l  h e ig h t  o f  th e  F ID  
w a s  r e c o r d e d  a s  a  f u n c t io n  o f  t im e  a n d  f it  to  a n  e x p o n e n t ia l  
d e c a y  to  e x tr a c t  T f * .
T h e  b a s ic  e x p e r im e n ta l  s e q u e n c e  c o n s is te d  o f  th re e  p a ir s  
o f  T f 1 m e a s u r e m e n ts  m a d e  w ith  th e  c e l l  o r ie n te d  n o r th  
a n d  th e n  s o u th  (o r  v ic e  v e r s a ) .  E a c h  m e a s u r e m e n t  p a ir  
w a s  m a d e  w ith  n o  in te r m e d ia te  r e m o v a l  o f  th e  c e l l  f ro m  
th e  3 0  G  f ie ld ,  n o  h e a t in g ,  a n d  n o  e x p o s u r e  to  l a s e r  l ig h t ;  
th e  c e l l  w a s  s im p ly  r o ta te d  1 8 0 °  a b o u t  i ts  c a p i l la r y  a x is  a n d  
a  n e w  T f 1 m e a s u r e m e n t  w a s  in i t ia te d .  T h e  f ir s t  p a ir  w a s  
p e r fo r m e d  a f te r  th e  c e l l  w a s  f a b r ic a te d  a n d  f i l le d  f o r  th e  
f ir s t  t im e  ( b e fo r e  a n y  e x p o s u r e  to  h ig h  f ie ld ) ;  th e  s e c o n d
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p a ir  w a s  d o n e  a f te r  th e  c e l l  w a s  m a g n e t iz e d  n o r th  o r  s o u th ,
i .e .,  e x p o s e d  f o r  —3 0  se c  to  th e  10  k G  f ie ld  o f  a n  i r o n - c o r e  
e le c t r o m a g n e t  in  th e  s p e c if ie d  o r ie n ta t io n  ( N .B .,  th e  w o rd  
“ m a g n e t iz e ”  h e r e  r e fe r s  to  th e  c e l l  w a l ls  a n d  n o t  to  th e  
3H e  s p in s ) ;  th e  th i r d  p a i r  w a s  m a d e  a f te r  th e  c e l l  w a s  d e ­
g a u s s e d .  A  m a g n e t iz e d  c e l l  is  d e g a u s s e d  b y  r o ta t in g  i t  a t  
~ 1  H z  a b o u t  th e  c a p i l la r y  a x is  in  th e  f ie ld  o f  th e  e le c ­
t r o m a g n e t  a s  th e  f ie ld  is  g r a d u a l ly  lo w e r e d  f r o m  10  k G  
to  th e  e le c t r o m a g n e t ’s r e m a n e n t  f ie ld  ( —3 0  G ) .  T h e  r o ­
ta t io n  is  m a in ta in e d  a s  th e  c e l l  is  s lo w ly  w i th d r a w n  f r o m  
th e  m a g n e t .  T h e  s e c o n d  a n d  th i r d  p a ir s  o f  m e a s u r e m e n ts  
w e re  r e p e a te d  a f te r  m a g n e t iz in g  th e  c e l l  in  th e  o p p o s i te  c e l l  
o r ie n ta t io n .
W e  h a v e  p e r fo r m e d  th is  s e q u e n c e  o f  m e a s u r e m e n ts  o n  
2 0  c e l ls .  A l l  c e l ls  w e  h a v e  e x a m in e d  s h o w  s ig n if ic a n t  a n d  
c o n s i s te n t  in c r e a s e s  ( f a c to r s  o f  2 to  20) in  w a l l  r e la x a t io n  
r a te  d u e  s o le ly  to  e x p o s u r e  to  th e  10  k G  fie ld . A l l  c e l ls  
p r e v io u s ly  e x p o s e d  to  th e  10  k G  f ie ld  s h o w  a  n e a r ly  c o m ­
p le te  r e s to r a t io n  o f  th e  o r ig in a l  r e la x a t io n  r a te  a f te r  b e in g  
d e g a u s s e d .  In  a d d it io n ,  a ll  m a g n e t iz e d  c e l ls  s h o w  a  c o n ­
s i s te n t  d e p e n d e n c e  o f  T\  1 o n  p h y s ic a l  o r i e n ta t io n  ( n o r th  
o r  s o u th )  in  th e  3 0  G  f ie ld ;  th is  c h a n g e  is  ty p ic a l ly  2 0 % , 
b u t  f a c to r s  o f  2 - 3  h a v e  b e e n  o b s e rv e d .  C e ll s  th a t  h a v e  
b e e n  m a g n e t iz e d  n o r th  ( s o u th )  a t  1 0  k G  h a v e  a  la rg e r  T f 1 
o r ie n te d  n o r th  ( s o u th )  w i th  r e s p e c t  to  th e  3 0  G  m e a s u r e ­
m e n t  f ie ld . T h e s e  r e s u l ts  a re  r e p ro d u c ib le  o v e r  s e v e ra l  
e x p o s u re s  to  th e  10  k G  fie ld , s e v e ra l  d e g a u s s in g  p r o c e ­
d u re s ,  s e v e ra l  r e f i l ls  w i th  3H e , a n d  s e v e ra l  r e p o la r iz a t io n s .  
F ig u r e  1 is  a  p lo t  o f  r e la x a t io n  r a te  v s  c h r o n o lo g ic a l  h i s ­
to r y  o f  m a g n e t ic - f ie ld  e x p o s u r e  f o r  a  s in g le  r e p re s e n ta t iv e  
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FIG. 1. Relaxation rate at 30 G is plotted vs the chronologi­
cal history of intervening exposure to a 10 kG field for a single 
cell. The cell was both magnetized and measured in each of two 
physical orientations, labeled “north” and “south.” Mere expo­
sure to the large field increased the rate by about 20 times. Rates 
were slightly greater when the magnetizing and measuring fields 
were in the same direction with respect to the cell’s orientation.
l i f e t im e s  v a r y  a m o n g  th e  c e l ls  f r o m  te n s  o f  m in u te s  to  te n s  
o f  h o u r s ,  b u t  th e  q u a li ta t iv e  b e h a v io r  s h o w n  in  F ig .  1 is  th e  
s a m e  f o r  a ll.
W e  p e r fo r m e d  a  n u m b e r  o f  c h e c k s  to  c o n f i r m  th a t  h ig h -  
f ie ld  e x p o s u r e  is  th e  s o le  a n d  d i r e c t  c a u s e  o f  th e  c h a n g e  in  
T f 1 o b s e r v e d  b e f o re  a n d  a f te r  m a g n e t iz in g  o r  d e g a u s s in g  
a  c e l l .  F o r  m o s t  c e l ls ,  s e v e ra l  m e a s u r e m e n ts  a re  p o s s ib le  
w i th o u t  n e e d  o f  r e p o la r iz in g  th e  g a s .  I n  m a n y  c a s e s ,  a ll 
th a t  t r a n s p ir e s  b e tw e e n  r a d ic a l ly  d i f f e r e n t  T f 1 m e a s u r e ­
m e n ts  a t  3 0  G  is  th a t  a  c e l l  is  t r a n s p o r te d  in  a  p o r ta b le  
s o le n o id  b a c k  a n d  f o r th  f r o m  th e  3 0  G  H e lm h o l tz  c o ils  
to  th e  e le c t r o m a g n e t  in  o r d e r  to  b e  e x p o s e d  to  th e  10  k G  
fie ld . W e  h a v e  v e r if ie d  th a t  a  p a r t i a l  o r  s lo p p y  d e g a u s s in g  
p r o c e d u r e  (e .g . ,  s lo w ly  r e m o v in g  th e  r o ta t in g  c e l l  f r o m  th e  
m a g n e t  w i th o u t  tu r n in g  d o w n  th e  f ie ld )  o n ly  p a r t ia l ly  r e ­
s to re s  th e  o r ig in a l  T f 1. O n e  o f  u s  (J . C . L .)  h a s  o b s e r v e d  
T i h y s te r e s is  in  tw o  v a lv e d  P y r e x  c e l ls  f a b r ic a te d  a n d  f i lle d  
u s in g  a  d i f f e r e n t  g la s s  b lo w e r ,  v a c u u m  s y s te m , a n d  f i l l in g  
sy s te m . T h e  e f f e c t  h a s  a ls o  b e e n  o b s e r v e d  u n a m b ig u o u s ly  
in  tw o  a lu m in o s i l ic a te - g la s s  c e l ls ,  o n e  o f  G E - 1 8 0  ( G e n ­
e ra l  E le c t r ic )  a n d  o n e  o f  1 7 2 0  ( C o rn in g ) .  T h e  1 7 2 0  c e l l  
is  a  s e a le d  8 c m 3 s p h e r ic a l  c e l l  c o n ta in in g  3 .5  a tm  3H e  (a t  
2 9 5  K )  a n d  h a s  n o  v a lv e s  o r  c a p i l la r ie s ;  i t  w a s  p r e p a r e d  a t 
N I S T  ( c o u r te s y  o f  T . R . G e n t i le  a n d  G .L .  J o n e s ) .
O u r  r e s u l ts  p o in t  to  th e  e x is te n c e  o f  m a g n e t ic  s i te s  a t  o r  
n e a r  th e  g la s s  s u r f a c e  o f  o u r  s p in - e x c h a n g e  c e l ls .  T h e s e  
s i te s  a re  a  m a jo r  s o u rc e  o f  w a l l  r e la x a t io n  f o r  c e l ls  e x ­
p o s e d  to  f ie ld s  g r e a te r  th a n  s e v e ra l  h u n d r e d  G a u s s .  T h is  
c o n c lu s io n  is  s u p p o r te d  b y  th e  d a ta  in  F ig .  1, w h ic h  s h o w s  
th a t  w a l l - r e la x a t io n  r a te s  T f 1 in  o u r  c e l ls  h a v e  a ll  o f  th e  
b a s ic  c h a r a c te r i s t ic s  o f  m a g n e t ic  h y s te r e s is ,  in c lu d in g  re -  
m a n e n c e ,  o r i e n ta t io n  d e p e n d e n c e ,  a n d  th e  a b il i ty  to  b e  
d e g a u s s e d .
P re v io u s ly ,  w a l l  r e la x a t io n  h a s  a lm o s t  a lw a y s  b e e n  a s ­
c r ib e d  to  i s o la te d  p a r a m a g n e t ic  im p u r i t ie s  a t  o r  n e a r  th e  
s u r f a c e  [8 ,1 3 1 , b u t  s u c h  a  m e c h a n is m  h a s  n e v e r  b e e n  e x ­
p l ic i t ly  e x p e r im e n ta l ly  d e m o n s tr a te d .  S u r f a c e  p a r a m a g n e ­
t is m  m a y  w e l l  d o m in a te  r e la x a t io n  in  b a r e - w a l l  c e l ls ,  b u t  it  
w o u ld  n o t  s h o w  th e  h y s te r e s is ,  r e v e r s ib i l i ty  u p o n  d e g a u s s ­
in g , a n d  o r ie n ta t io n  d e p e n d e n c e  o f  T f 1 t h a t  w e  o b s e r v e  in  
o u r  R b - c o a te d  c e l ls .  T h e  la r g e  f r a c t io n a l  c h a n g e  in  T f 1 fo r  
c e l ls  w i th  a  b r o a d  r a n g e  o f  in i t ia l  l i f e t im e s  ( te n s  o f  m in u te s  
to  te n s  o f  h o u r s )  s u g g e s ts  th a t  th e  s iz e  a n d /o r  c o n c e n tr a ­
t io n  o f  m a g n e t ic  s i te s  m a y  b e  r e s p o n s ib le  f o r  th e  w id e  
v a r ia t io n  in  r e la x a t io n  r a te s  th a t  is  o f t e n  o b s e r v e d  w i th  
s p in - e x c h a n g e  c e l ls .  I n d e e d ,  th e  d a ta  in  F ig .  1 a c tu a l ly  
u n d e r s ta te  th e  e f f e c t  o f  T i h y s te r e s is  o n  m a n y  o f  th e  c e l ls  
w i th  lo n g e r  in i t ia l  l i f e t im e s ,  s in c e  th e s e  a ls o  h a v e  a  s ig ­
n i f ic a n t  b u lk  c o n tr ib u t io n  to  th e  w a l l  r a te  ( a b o u t  0.01 h ^1 
a t  8 a tm  [71), r e g a r d le s s  o f  w h e th e r  th e  c e l l  is  m a g n e t iz e d .
W h e n  a  c e l l  is  f i r s t  f a b r ic a te d  a n d  R b  d is t i l le d  in , th e  d o ­
m a in s  in  e a c h  m a g n e t ic  s i te  a re  r a n d o m ly  o r ie n te d ,  o r  p e r ­
h a p s  s l ig h tly  a lig n e d . E x p o s u r e  to  th e  10  k G  f ie ld  a lig n s  
th e  d o m a in s  a n d  p r o d u c e s  a  la rg e  e n h a n c e m e n t  o f  th e  m a g ­
n e tic  m o m e n t  o f  e a c h  s ite . A  r e m a n e n t  m a g n e t iz a t io n  e x ­
is ts  in  th e  c e l l  a f te r  i t  h a s  b e e n  r e m o v e d  to  3 0  G , w h e re  
a n  in c r e a s e d  T f 1 is  th e n  m e a s u re d .  W h e n  th e  d o m a in s  a re
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r a n d o m iz e d  b y  d e g a u s s in g ,  th e  m a g n e t ic  m o m e n t  o f  e a c h  
s i te  is  r e d u c e d ,  a n d  T f 1 r e tu r n s  to  i ts  o r ig in a l  v a lu e . W e  
p r o p o s e  th a t  th e  3H e  s p in s  r e la x  b y  in te r a c t in g  w i th  th e s e  
s i te s  w h i le  d i f f u s in g  n e a r  th e  c e l l  s u r fa c e .  W e  a s s u m e  N  
s i te s  h a v in g  m a g n e t ic  m o m e n t  jx  a n d  r a d iu s  R .  I n  th e  
w e a k - c o l l i s io n  l im i t  [1 4 ] , w h e re  th e  i n te r a c t io n  t im e  r  is 
m u c h  s h o r te r  th a n  th e  3H e  L a r m o r  p e r io d  a t  3 0  G , th e  lo n ­
g i tu d in a l  r e la x a t io n  r a te  f o r  o n e  s i te  is  M j t , w h e r e  th e  s e c ­
o n d  m o m e n t  M 2 ~  ( j i j l ) 2/ R 6 . U s in g  r  =  R 2/ 6 D ,  w h e re  
D  is  th e  d i f f u s io n  c o e f f ic ie n t ,  w e  o b ta in  f o r  th e  w h o le  c e l l
1 _  N t tj2f i2
T x =
(i)
9  R D V
w h e r e  y  is  th e  3H e  g y ro m a g n e t ic  ra t io ,  V  is  th e  c e l l  v o l­
u m e ,  a n d  w e  h a v e  f a c to r e d  in  th e  f r a c t io n  o f  s p in s  in te r a c t ­
in g  w i th  s i te s  ( ~ 2 t tR 3N / 3 V ) .  T h is  a n a ly s is  a s s u m e s  th a t  
th e  m e a n  f r e e  p a th  A fo r  3H e  a to m s  is  m u c h  s m a lle r  th a n  
R  (A *  2 4  n m  a t  8 a tm  [1 5 ]) .
E q u a t io n  (1 )  s u g g e s ts  a  l in e a r  p r e s s u r e  d e p e n d e n c e  o f  
T f 1 th r o u g h  1 / D .  W e  h a v e  in v e s t ig a te d  th is  d e p e n d e n c e  
b y  m e a s u r in g  T 1 a f te r  e a c h  o f  s e v e ra l  r e le a s e s  o f  a  k n o w n  
q u a n t i ty  o f  p o la r iz e d  g a s  f r o m  th e  c e l l .  P r io r  to  e a c h  m e a ­
s u re m e n t ,  th e  c a p i l la r y  e n tr a n c e  to  th e  c e l l  w a s  b lo c k e d  b y  
m a n e u v e r in g  a  s m a ll  b e a d  o f  R b  m e ta l  o v e r  th e  o p e n in g . 
O u r  r e s u l ts  f r o m  o n e  c e l l  s u p p o r t in g  th e  w e a k - c o l l i s io n  
th e o r y  a re  s h o w n  in  F ig .  2 . B y  c o n tr a s t ,  th e  l im i t  r  »  
( y B o ) ~ l w o u ld  p r o d u c e  a n  in v e rs e  l in e a r  d e p e n d e n c e  o n  
p r e s s u r e  [1 6 ] . A n  u p p e r  l im i t  o n  R  c a n  th u s  b e  c a lc u ­
la te d  f r o m / ? 2 =  6 D /yB o  a n d  y ie ld s  R  =  15 /x m  f o r 3 H e  
a t  8 a tm  a n d  3 0  G , w h e re  w e  h a v e  u s e d  D  =  0 .2 3  c m 2/ s
[1 7 ] . S in c e  R  m u s t  b e  a t  l e a s t  s e v e ra l  t im e s  A (o r  e ls e  th e r e
F o r  e x a m p le ,  i f  th e  s i te s  w e re  m e ta l l ic  i r o n  ( s e e  b e lo w ) ,  
a n d  w e  u s e  V  =  5 0  c m 3, / ?  =  0 .2 5  /x m , a n d  a  m a g n e t iz e d  
T 1 o f  5 h , w e  o b ta in  N  =  4 X 104 s ite s . H e re ,  w e  h a v e  
u s e d  th e  d e n s i ty  o f  i r o n  to  o b ta in  a n  e s t im a te  o f  5 . 6  X 109 
a to m s  p e r  s i te  a n d  h a v e  a s s u m e d  th a t  e a c h  a to m  c o n tr ib u te s  
o n e  B o h r  m a g n e to n  a t  fu l l  m a g n e t iz a t io n .  T h is  n u m b e r  o f  
a to m s  is  r e a s o n a b le  f o r  p r o d u c in g  th e  m u lt id o m a in  s t r u c ­
tu re  n e c e s s a r y  to  g e n e r a te  T\ h y s te r e s is .
O u r  h y p o th e s is  f o r  th e  c a u s e  o f  th e  o r ie n ta t io n  d e p e n ­
d e n c e  is  th a t  th e  3 0  G  m e a s u r e m e n t  f ie ld  c a u s e s  a  s l ig h t  
d e v ia t io n  f r o m  th e  z e ro - f ie ld  r e m a n e n t  m a g n e t iz a t io n  o f  
th e  c e l l ,  th u s  s l ig h t ly  in c r e a s in g  o r  d e c r e a s in g  th e  m a g n e t ic  
m o m e n ts  (a n d  h e n c e  r e la x iv i ty )  o f  th e  s ite s . T h e  o r ie n ta ­
t io n  d e p e n d e n c e  o f  T f 1 w e  o b s e rv e  a t  3 0  G  is  c o n s is te n t  
w i th  th is  p ic tu r e  in  a ll  c e l ls  w e  h a v e  te s te d .
W e  h a v e  a ls o  in v e s t ig a te d  th e  d e p e n d e n c e  o f  w a l l  r e la x ­
a t io n  a n d  T 1 h y s te r e s is  o n  th e  p r e s e n c e  o f  R b  in  th e  c e ll .  
T w o  a d d i t io n a l  c e l ls ,  o th e r w is e  id e n t ic a l  to  th e  o th e r s ,  w e re  
p r e p a r e d  u s in g  th e  s a m e  p r o to c o l  e x c e p t  th a t  R b  d is t i l la t io n  
w a s  o m it te d .  H P  3H e  w a s  t r a n s f e r r e d  to  th e s e  b a r e - w a l l  
c e l ls  f r o m  a n o th e r  r o o m - te m p e r a tu r e  s p in - e x c h a n g e  c e l l ,  
a n d  th e  m e a s u r e m e n t  s e q u e n c e  d e s c r ib e d  a b o v e  w a s  p e r -  
fo m e d .  T h e  b a r e  c e l ls  e x h ib i te d  n o  T \  h y s te r e s is .  W e  th e n  
r e m o u n te d  th e  c e l ls  to  th e  h ig h  v a c u u m  s y s te m  a n d  d i s ­
t i l le d  in  th e  u s u a l  a m o u n t  o f  R b  so  a s  to  v is ib ly  c o a t  m o s t  
o f  th e  c e l l  s u r fa c e .  A g a in ,  H P  3H e  w a s  t r a n s f e r r e d  f r o m  
a n o th e r  s p in - e x c h a n g e  c e l l ,  a n d  th e  s ta n d a r d  m e a s u r e m e n t  
s e q u e n c e  w a s  p e r fo r m e d .  N o t  o n ly  d id  T f 1 d e c r e a s e  s ig ­
n i f ic a n t ly  a f te r  th e  i n t r o d u c t io n  o f  R b , b u t  T \  h y s te r e s is  
w a s  a ls o  o b s e rv e d ;  s e e  F ig .  3.
FIG. 2. The appropriate He-He relaxation rate has been sub­
tracted from all data shown to yield the wall-relaxation rate as a 
function of pressure. The wall rate increases linearly with pres­
sure when the cell is magnetized (supporting the weak-collision 
theory), but there is no pressure dependence after the cell has 
been degaussed.
FIG. 3. Relaxation rate is plotted vs the chronological history 
of preparation of a single cell. This cell was tested before and 
after introducing Rb metal. For all measurements, hyperpolar­
ized 3 He was transferred in from another spin-exchange cell. Rb 
both greatly reduces the wall relaxation rate and gives rise to T 1 
hysteresis.
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T h e  d a ta  o f  F ig .  3  s u g g e s t  th a t  th e  p r e s e n c e  o f  R b  b o th  
in h ib i t s  w a l l  r e la x a t io n  a n d  g iv e s  r i s e  to  T\  h y s te re s is .  T h e  
f o r m e r  c o n c lu s io n  is  in  l in e  w i th  e a r l ie r  w o r k  [8 ,1 8 ] , a n d  
w e  h a v e  c o n f ir m e d  th e  e f f e c t  u s in g  th e  s a m e  c e l l ,  th u s  r e ­
d u c in g  u n c e r ta in t ie s  a s s o c ia te d  w i th  c e l l - to - c e l l  v a r ia tio n . 
W e  c a n  o n ly  s p e c u la te  a t  p r e s e n t  a b o u t  h o w  th e  R b  ( i t ­
s e l f  o r  in  a  c o m p o u n d )  b e n e f ic ia l ly  a f fe c ts  th e  c e l l  w a lls :  
i t  m ay , f o r  e x a m p le ,  c h e m ic a l ly  n e u tr a l iz e  p a r a m a g n e t ic  
s ite s . I t  m a y  a ls o  a c t  a s  a  p h y s ic a l  b a r r i e r  to  s u r fa c e  s ite s  
o r  to  h e l iu m  p e r m e a t io n  o f  th e  g la s s .  I t  is  f u r th e r  a p p a r e n t  
th a t  R b  p la y s  a  r o le  in  c r e a t in g  m a g n e t ic  s ite s , p e rh a p s  
b y  a c t in g  a s  a  r e d u c in g  a g e n t  o n  io n ic  i r o n  im p u r i t ie s  in  
th e  g la s s ,  c a ta ly z in g  th e  f o r m a t io n  o f  f e r r o m a g n e t ic  i ro n  
o x id e s  o r  m e ta l l ic  i ro n . A l te rn a tiv e ly ,  th e  1 g  R b  a m ­
p u le s  w e  u s e  [1 9 ] h a v e  F e ,  N i ,  a n d  C o  im p u r i t ie s  a t  th e
— 10  p p m  le v e l , a l th o u g h  th e s e  le v e ls  s h o u ld  b e  r e d u c e d  
b y  d is t i l la t io n .  T h e  c h a r a c te r i s t ic  a p p l ie d  f ie ld  a t  w h ic h  
c e l ls  b e c o m e  m a g n e t iz e d  is  a b o u t  5 0 0  G , w i th  s a tu r a t io n  
o c c u r r in g  a t  1 - 2  k G — r e a s o n a b le  n u m b e r s  f o r  i r o n  o r  i ro n  
o x id e  im p u r i t ie s .  T h e  b a r e - w a l l  c e l ls  w e  m e a s u r e d  h a d  
T V s  b e tw e e n  5 a n d  12  h , c o m p a r a b le  to  o r  lo n g e r  th a n  
T V s  m e a s u r e d  f o r  m o s t  o f  th e  R b - c o a te d  c e l ls  w h e n  m a g ­
n e tiz e d .  I t  is  th e r e f o r e  n o t  l ik e ly  th a t  th e  s i te s  a re  r e s id e n t  
in i t ia l ly  in  th e  g la s s  a n d  th a t  th e  R b  is  s im p ly  r e m o v in g  a  
m o re  d o m in a n t  n o n h y s te r e t ic  m e c h a n is m . W e  h a v e  in i t i ­
a te d  s tu d ie s  o f  R b - c o a te d  P y r e x  u s in g  E S R , S Q U ID , a n d  
th e  m a g n e to -o p t ic a l  K e r r  e f f e c t  [2 0 ] , in  o r d e r  to  lo o k  fo r  
a n  in d e p e n d e n t  c o n f ir m a t io n  o f  m a g n e t ic  h y s te r e s is  a s  w e l l  
a s  to  b e t t e r  q u a n t i f y  th e  s iz e ,  c o n c e n tr a t io n ,  a n d  c h e m ic a l  
id e n t i ty  o f  th e  s ite s . R e s u l ts  so  f a r  a re  n e g a tiv e .  H o w e v e r ,  
w e  n o te  th a t  E S R  a n d  S Q U ID  s u f f e r  f r o m  d e c r e a s e d  f i l l in g  
f a c to r  c o m p a r e d  w i th  o u r  m e a s u r e m e n ts ,  w h ic h  a re  e x q u i ­
s i te ly  s e n s i t iv e  to  th e  s u r f a c e  a lo n e .
O u r  u n d e r s ta n d in g  o f  b o th  T\  h y s te r e s is  a n d  th e  im p o r ­
ta n c e  o f  th e  R b  c o a t in g  h a s  a l lo w e d  u s  to  m a k e  s u b s ta n t ia l  
p r o g r e s s  to w a r d  r e p ro d u c ib le  f a b r ic a t io n  o f  P y re x  sp in -  
e x c h a n g e  v e s s e ls .  E a r ly  r e s e a r c h  s u g g e s te d  th a t  th e  h e l iu m  
p e r m e a b i l i ty  o f  P y r e x  g la s s  le a d s  to  la rg e  w a l l - r e la x a t io n  
r a te s  [8 ]. M o r e  re c e n tly ,  H s u  e t  al .  [2 1 ] s h o w e d  th a t  lo n g  
7 i ' s  w e re  p o s s ib le  e v e n  f o r  s im p le  R b - c o a te d  P y re x . P y re x  
r e m a in s  a t t r a c t iv e  f o r  s p in - e x c h a n g e  c e l ls  d e s p i te  i ts  d i f f i ­
c u lt ie s  b e c a u s e  i t  is  ru g g e d ,  in e x p e n s iv e ,  u b iq u i to u s ,  a n d  
e a s y  to  w o r k  c o m p a r e d  w i th  m o s t  o th e r  g la s s e s .  M o s t  o f  
o u r  c e l ls  h a v e  T\ >  3 0  h  w h e n  d e g a u s s e d .  S e v e ra l  c e l ls  
h a v e  T\  >  6 0  h , f r o m  w h ic h  o n e  in fe r s  w a l l - r e la x a t io n  
t im e s  > 1 5 0  h  u s in g  th e  b u lk  r e la x a t io n  r a te  a t  8 a tm  [7 ], 
A b s e n t  e x p o s u r e  to  h ig h  f ie ld , w e  f in d  th e s e  T\ v a lu e s  
to  c h a n g e  v e r y  l i t t le  a s  th e  c e l ls  a re  r e p e a te d ly  h e a te d  to  
1 6 0 - 1 8 0  °C , e x p o s e d  to  th e  4 0  W  la s e r ,  a n d  r e p e a te d ly  r e ­
f i l le d  w i th  g a s . W e  r o u t in e ly  p r o d u c e  3H e  p o la r iz a t io n s  
> 4 0 %  in  th e s e  c e l ls ;  th e y  a re  r o b u s t  a n d  w e l l  s u i te d  to  th e  
M R I  e x p e r im e n ts  f o r  w h ic h  th e y  w e re  d e s ig n e d .
W e  c o n c lu d e  th a t  3H e  T i h y s te r e s is  is  a  r o b u s t ,  r e p r o ­
d u c ib le ,  a n d  c o n s is te n t  e f f e c t  w h ic h  s h o u ld  b e  o b s e r v a b le  
to  s o m e  d e g re e  in  a lm o s t  a l l  s p in - e x c h a n g e  c e l ls .  T h e  e f ­
f e c t  is  o b s e r v e d  o n ly  in  th e  p r e s e n c e  o f  th e  R b  n e e d e d  
f o r  o p t ic a l  p u m p in g  a n d  m a y  b e  d u e  to  f e r r o m a g n e t ic
im p u r i t ie s  w h ic h  a re  e i th e r  in  th e  R b  i t s e l f  o r  a re  c a ta ly z e d  
b y  R b  a t th e  g la s s  s u r fa c e .  O u r  r e s u l ts  s u g g e s t  a n  a p p r o a c h  
to  m a k in g  r e p ro d u c ib le  s p in - e x c h a n g e  c e l ls  th a t  g r e a t ly  
n a r ro w s  th e  s e a rc h  f o r  e f fe c t iv e  f a b r ic a t io n  te c h n iq u e s  to  
th o s e  th a t  a re  l ik e ly  to  a f f e c t  th e  s iz e ,  c o n c e n tr a t io n ,  a n d  
m a g n e t ic  m o m e n t  o f  th e  s i te s  r e s p o n s ib le  f o r  th is  e f fe c t.  
O u r  r e s u l ts  a ls o  d e m o n s tr a te  th e  f ir s t  u s e  o f  h y p e r p o la r iz e d
3 H e  a s  a n  e x tr e m e ly  s e n s i t iv e  p r o b e  o f  s u r f a c e  m a g n e t is m .
W e  a c k n o w le d g e  h e lp f u l  d is c u s s io n s  w i th  M .S .  C o n ­
ra d i ,  P. A . F e d d e r s ,  R . V. C h a m b e r l in ,  a n d  W . H a p p e r  a n d  
th e  a s s i s ta n c e  o f  J . K y le . T h is  w o r k  w a s  s u p p o r te d  b y  
W h ita k e r  F o u n d a t io n  G r a n t  N o . R G - 9 9 - 0 4 3 7 .
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